Structure and configuration of boundary dislocations on various low angle tilt grain boundaries in alumina were considered based on the ideas that the boundary is composed of regularly arrayed edge dislocations and that the dislocations could dissociate into partial dislocations with maintaining the hcp-like oxygen sublattice. Moreover, the separation distance between the partial dislocations formed by the dissociation was evaluated by the calculations based on an elastic theory. The calculations indicated that the width of the stacking fault region between partial dislocations decreases with increasing tilt angles. As a consequence, the hypothesis and calculations used here would enable us to predict the structures of various low angle boundaries with dissociated boundary dislocations.
Introduction
The mechanical and electrical properties of ceramic materials are closely related with the structure of crystal defects. [1] [2] [3] [4] [5] [6] [7] [8] In particular, the grain boundaries, which are the boundaries between neighbor grains, have a strong influence on the properties of ceramic materials since ceramics is ordinarily composed of a lot of crystal grains. For the understanding of the properties, accordingly, it is important to clarify the structure of grain boundaries.
In case that a low angle grain boundary, where the misorientation angle between neighbor grains is lower than about 15 , only has a tilt component, the boundary is called a ''low angle tilt grain boundary''. [9] [10] [11] [12] [13] [14] [15] [16] Low angle tilt grain boundaries are generally considered to be composed of edge type of perfect dislocations, where Burgers vector of the perfect dislocations corresponds to a translation vector in the crystal structure.
It was found from the recent bicrystal experiments, however, that some of low angle grain boundaries in ceramics were composed of dissociated dislocations, where individual dislocation is divided into partial dislocations with very narrow separation distance, forming a stacking fault between partial dislocations. 10, 12, 15, 16) In addition, the dissociated dislocations often give rise to the structure transition with increasing tilt angle such as change in the separation distance, variation of the Burgers vectors and so on. 10, 12) In case of alumina, which is one of the most widely used ceramic materials, it was reported that the boundary dislocation of b ¼ 1=3h1 2 210i dissociates into the two partial dislocations of b ¼ 1=3h1 1 100i and b ¼ 1=3h0 1 110i. 12) Here, the two partials are not edge but mixed dislocations. Figure 1 shows a schematic illustration expressing such a low angle tilt grain boundary. Left one in the figure shows the ideal boundary composed of perfect edge dislocations while right one represents the boundary with partial dislocations formed due to the dislocation dissociation. Alumina is one of the most eagerly studied ceramic materials. However, there are a lot of unclear subjects in the structure of low angle tilt grain boundaries even in alumina.
As for the slip dislocations moving in slip deformation of alumina, it is known that a basal dislocation [17] [18] [19] [20] [21] [22] [23] dissociates by 1=3h1 2 210i ! 1=3h1 1 100i þ 1=3h0 1 110i and a prism plane dislocation [24] [25] [26] dissociates by h10
Here note that the lattice discontinuity of 1=3h1 1 100i, 1=3h0 1 110i or 1=3h10 1 10i is equivalent to the minimum translation vector of oxygen ion sublattice in alumina. In the case of dissociation in these slip dislocations, therefore, the structure of oxygen ion sublattice is basically maintained in the dissociation and a stacking fault is formed only in aluminum ion sublattice. [27] [28] [29] [30] [31] It can be considered that oxygen ions arrange as a nearly hexagonal close-packed structure and aluminum ions regularly occupy 2/3 of octahedral sites according to the corundum structure of alumina. 32) That is, the oxygen ions take close-packed arrangement while aluminum ions occupy just a part of vacant sites. This is considered to be a reason that brings about a stacking fault not in oxygen ion sublattice but in aluminum ion sublattice.
Therefore, the purpose in this study is to demonstrate the structure and configuration of dissociated boundary disloca- tions on low angle tilt grain boundaries in alumina on the basis of the formation of a stacking fault only in aluminum ion sublattice. That is, possible structures of dissociated boundary dislocations will be suggested and the separation distances among the dislocations as a function of the misorientation angle will be discussed according to an elastic theory.
2. Geometry of the Dissociation of Boundary Dislocations 2.1 Translation vectors in crystal structure Figure 2 shows the crystal structure of alumina. The representative directions and vectors in alumina are indicated by the arrows in the figure. There are the two minimum translation vectors of 1=3h1 2 210i and h10 1 10i on the (0001) basal plane for alumina of corundum structure. Here, the minimum translation vector for oxygen ion sublattice on the (0001) basal plane is 1=3h10 1 10i. On the other hand, there are the three minimum translation vectors of h0001i, 1=3h10 1 11i and 1=3h 2 2021i, as the translation vectors off the (0001) basal plane. h0001i is perpendicular to the basal plane while 1=3h10 1 11i and 1=3h 2 2021i are on the f 1 1012g rhombohedral plane and the f10 1 14g plane, respectively. Here, a minimum translation vector for oxygen ion sublattice perpendicular to the (0001) basal plane is 1=3h0001i. The 1=3h0001i may have a potential to further divide by 1=3h0001i ! 1=18h 2 24 2 23i þ 1=18h2 4 423i. But, this reaction is not considered in this study, because the 1=3h0001i itself is suggested here and its further reaction is too complex to consider. Table 1 shows the six dissociation reactions of A, B, C, D, E and F, which were considered in this study. Figure 3A -3F also show schematic illustrations of the dislocation arrays that correspond to the six reactions. Here, five translation vectors of 1=3h1 2 210i, h10 1 10i, h0001i, 1=3h10 1 11i and 1=3h 2 2021i in alumina of corundum structure were considered as the origin of potential dissociation reactions and they corresponds to the normal vectors of the boundary planes. The low index directions of h0001i, h1 2 210i and h10 1 10i, which have been often reported in the studies of grain boundaries in alumina, were selected as rotation axes of the boundaries. As a result, the E and F have high index of boundary plane directions of nearly f10 1 14g and nearly f 1 1012g, respectively.
Dislocation dissociation reactions

Interaction between dissociated dislocations
For the dissociated dislocations, both an elastic repulsive force and an attractive force act between partial dislocations as shown in Fig. 4 . 1, 12, 21, 28) The elastic force is due to the stress field of dislocations and the attractive force is due to the stacking fault formed between partial dislocations. To balance these two forces, the separation distance between Table 1 Dislocation dissociation reactions and crystallographic orientation relationships in the low angle tilt grain boundaries in alumina.
No. Dislocation dissociation reactions Boundary plane direction Rotation axis
Type of partial dislocations
partial dislocations takes a constant value. In the case of low angle grain boundaries with periodically arranged dislocations, the total elastic repulsive force on a dislocation from all the other dislocations should be balanced with the attractive force due to the stacking fault. For example, a bright field image by transmission electron microscopy is shown in Fig. 5 . This image is taken from the boundary with a pure 2 tilt component that is observed in the Ref. 15 ) and its orientation relationship corresponds to the B in Fig. 3 and Table 1 . Open arrows in the figure indicate the position of partial dislocations. As can be seen in the image, the separation distance between the partial dislocations changes periodically due to the periodic presence of stacking faults in the boundary. The change can be estimated based on the total elastic repulsive force.
The total elastic repulsive force can be calculated using the Peach-Koehler's equation. 1, 12) For the supplement, appendix shows the used method to calculate the total elastic repulsive force acting on a dislocation from all the other dislocations for periodically arranged dislocations. Here, we deal with alumina as an elasticity isotropic crystal in the calculation, since the elastic anisotropy of alumina is not so large in spite of the complex crystal structure; the anisotropic constant is about 0.9. 2 210g boundary plane as shown in Fig. 3A , the two partial dislocations will have the Burgers vector with the same size and be edge type. In addition, the extra half planes are inclined at AE30 degrees to the boundary plane alternatively. According to the PeachKoehler's equation, in this case, the relation between the total elastic repulsive force on a partial dislocation, f R and the stacking fault energy, SF can be expressed as follows.
where jb p j is the size of Burgers vector of the partial dislocation with b p ¼ 1=3h1 1 100i or 1=3h0 1 110i (0.276 nm), is the shear modulus (150 GPa [33] [34] [35] [36] ) and is the Poisson's 
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A. Nakamura, E. Tochigi, N. Shibata, T. Yamamoto and Y. Ikuhara ratio (0.24 [33] [34] [35] [36] ). Here, d is the periodicity of boundary dislocations and is the ratio of the separation distance between the two partial dislocations,
According to the Frank's formula, 37) the tilt angle of 2 is given by 2 ¼ jbj=d, where jbj is the size of Burgers vector of ideal perfect boundary dislocation. That is, the periodicity of boundary dislocations, d is the function of 2. It can be said that the eq. (1) gives the separation distance between partial dislocations as a function of tilt angle, since the stacking fault energy, SF can be treated as a constant and only the d and are changeable. Figure 6 shows the separation distance with increasing tilt angle, which can be estimated using
It can be seen that the separation distance decrease with increasing tilt angle in all the cases. Ikuhara et al. 12) observed the boundary A with the misorientation angle of 2 , 6 and 8 by transmission electron microscopy including the bicrystal experiment and found that the boundary dislocations dissociated into two partials as shown in Fig. 3A . It was reported that the observed structure of boundary dislocations is good agreement with the estimation using SF ¼ 0:3 J/m 2 .
3.2 The h10 1 10i low angle tilt grain boundary with the f1 2 210g boundary plane, B Considering the dislocation dissociation of the h10 1 10i low angle tilt grain boundary with the f1 2 210g boundary plane as shown in Fig. 3B , the two partial dislocations will be the mixed dislocations with both the 1=6h1 2 210i edge component and the AE1=6h10 1 10i screw component. Accordingly, this boundary dislocation of b ¼ 1=3h1 2 210i corresponds to the basal dislocation, which is one of the slip dislocations in alumina. According to the Peach-Koehler's equation, in this case, the relation between the total elastic repulsive force on a partial dislocation, f R and the stacking fault energy, SF can be expressed as follows. Figure 7 shows the separation distance with increasing tilt angle, which can be estimated using SF were also observed by transmission electron microscopy including the bicrystal experiment and found that the boundary dislocations dissociated into two partials as shown in Fig. 3B . 15, 16) It was reported that the observed structure of boundary dislocations is good agreement with the estimation using SF ¼ 0:3 J/m 2 .
The h1 2 210i or [0001] low angle tilt grain boundary with the f10
1 10g boundary plane, C Considering the dislocation dissociation of the h1 2 210i or [0001] low angle tilt grain boundary with the f1 2 210g boundary plane as shown in Fig. 3C , the three partial dislocations will be the edge dislocations with the same Burgers vector of b p ¼ 1=3h10 1 10i. According to the PeachKoehler's equation, in this case, the relation between the total elastic repulsive force on a partial dislocation, f R and the stacking fault energy, SF can be expressed as follows. Figure 8 shows the separation distance with increasing tilt angle, which can be estimated from the eq. 1 10i corresponds to the prism plane dislocation, which is one of the slip dislocations in alumina. In the case of slip dislocation, it is known that the prism plane dislocation can dissociate into the three partial dislocations as shown here. 24, 26) So far, however, it does not seem that the structure of prism plane dislocations array that compose a low angle tilt grain boundary is observed by transmission electron microscopy.
The h1
2 210i or h10 1 10i low angle tilt grain boundary with the (0001) boundary plane, D Considering the dislocation dissociation of the h1 2 210i or h10 1 10i low angle tilt grain boundary with the (0001) boundary plane as shown in Fig. 3D , the three partial dislocations will be the edge dislocations with the same Burgers vector of b p ¼ 1=3h0001i, where the size of b p is 0.433 nm. In this case, the relation between the total elastic repulsive force on a partial dislocation, f R and the stacking fault energy, SF can be also expressed by the eq. (3). Structure and Configuration of Boundary Dislocations on Low Angle Tilt Grain Boundaries in Alumina Figure 9 shows the separation distance with increasing tilt angle, which can be estimated from the eq. (3) using SF ¼ 1:0 J/m 2 , 2.0 J/m 2 , 3.0 J/m 2 . To our knowledge, the dislocation with b ¼ h0001i is not observed by experimental. The dislocation could dissociate into partial dislocations because of the too large Burgers vector of 1.30 nm. If this dissociation shown here can be observed, the energy of a stacking fault along (0001) will be estimated by experimental although the energy has been calculated only by computer simulations. 29, 30) 3.5 The h1 2 210i low angle tilt grain boundary with the boundary plane of the normal vector along h10 1 11i, E Considering the dislocation dissociation of the h1 2 210i low angle tilt grain boundary with the boundary plane of the normal vector along h10 1 11i, whose plane is near the f10 1 14g plane, the boundary dislocation of b ¼ 1=3h10 1 11i can dissociate into the two partial dislocations as shown in Fig. 3E . Here, the partials have different Burgers vector about the size and orientation. According to the PeachKoehler's equation, in this case, the relation between the total elastic repulsive force on a partial dislocation, f R and the stacking fault energy, SF can be expressed as follows.
where b A ¼ 1=3h10 1 10i, b B ¼ 1=3h0001i and the ' A is the misorientation between these two directions of h10 1 11i and h10 1 10i (' A ¼ 57:61 ). Figure 10 shows the separation distance with increasing tilt angle, which can be estimated from the eq. (4) 
This suggests that the dissociation of E does not give the decrease of elastic energy around the boundary dislocation. That is, the dissociation of E may not occur.
2 210i low angle tilt grain boundary with the boundary plane of the normal vector along h 2 2021i, F Considering the dislocation dissociation of the h1 2 210i low angle tilt grain boundary with the boundary plane of the normal vector along h 2 2021i, whose plane is near the f 1 1012g plane, the boundary dislocation of b ¼ 1=3h 2 2021i can dissociate into the three edge type of partial dislocations as shown in Fig. 3F . The two partials in the three have the same Burgers vector and another one has the different vector perpendicular to the two. According to the Peach-Koehler's equation, in this case, the relation between the total elastic repulsive force on a partial dislocation, f R and the stacking fault energy, SF can be expressed as follows.
where b A ¼ 1=3h10 1 10i, b B ¼ 1=3h0001i and the ' B is the misorientation between these two directions of h 2 2021i and h10 1 10i (' B ¼ 38:24 ). Figure 11 shows the separation distance with increasing tilt angle, which can be estimated from the eq. (5) 
The Structure of Low Angle Grain Boundaries Depending on Stacking Fault Energy
As can be seen in Figs. 6-11, the estimated separation distance between partial dislocations depends on the stacking fault energy. This is because the separation distance is inverse proportion to the stacking fault energy as can be seen in eqs. (1)- (5) . In this point, there are no difference between the dissociation of a slip dislocation and that of a boundary dislocation. It can be said that it is significant to grasp the real stacking fault energies along various crystal planes in alumina, for the demonstration of the structure of low angle tilt grain boundaries on the basis of the equations proposed in this study.
The energy of the f1 2 210g stacking fault has been studied by experimental and theoretical calculations. [27] [28] [29] 31) In the case of low angle tilt grain boundaries with the f1 2 210g boundary plane, the structure can be estimated using the equations. On the other hand, it seems that the stacking faults off the f1 2 210g plane have not been studied enough, although the stacking faults along f10 1 10g were investigated by experimentals with conventional transmission electron microscopy 24, 26, 28) and theoretical calculations. 29, 31) Accordingly, it can be said that the actual structures of the stacking faults off the f1 2 210g plane leaves a lot of unclear points. In case that a low angle tilt grain boundary is fabricated by the bicrystal experiment, the introduced boundary dislocations can be selected intentionally. That is, it will be possible to fabricate the low angle tilt grain boundaries shown in Fig. 3 and to experimentally observe the structure in detail. This has a potential to experimentally clarify the structure and energy of stacking faults off the f1 2 210g plane.
Summary
Structure and configuration of boundary dislocations on various low angle tilt grain boundaries in alumina, which is one of the most widely used ceramics, were considered. It is here premised that the boundary should be composed of regularly arrayed edge dislocations and that the dislocations could dissociate into partial dislocations with maintaining hcp-like oxygen sublattice. Moreover, the separation distances between partial dislocations formed by the dissociation were evaluated by the calculations based on the elastic theory combined with the Peach-Koehler's equation. The calculations can lead to the width of the stacking fault region between partial dislocations depending on the tilt angles. The estimated structure is good agreement with the experimental conducted in the past. Thus, it becomes possible to predict the structures of various low angle boundaries containing dissociated dislocations.
Appendix: Total Elastic Repulsive Force Acting on a Dislocation from All the Periodically Arranged Dislocations
When we estimate elastic repulsive force acting a dislocation on the low angle tilt grain boundary with periodically arranged dislocations, it is needed to consider the total elastic repulsive force from all the other boundary dislocations. Figure A·1 schematically shows the elastic repulsive forces on a partial dislocation from all the other partial dislocations on the boundary shown in Fig. 3A . Here, two groups of the partial dislocations indicated by A and B have different Burgers vector. In defining A n (n ¼ 1; 2; 3; . . .) as shown in the figure, the A n on the boundary are symmetrically arranged to the partial of A 0 . This means that the elastic force acting on the A 0 from A n can be cancelled and is not needed to be taken into account. On the other hand, In defining B n (n ¼ 1; 2; 3; . . .) as shown in the figure, the elastic force on the A 0 from B n can not be cancelled because of the nonsymmetrical distances between A 0 and B n .
According to the Peach-Koehler's equation, in the case of Fig. 3A , the elastic repulsive force between the two partial dislocations of A 0 with b ¼ 1=3½10 1 10 and B n with b ¼ 1=3½01 1 10, f y can be expressed as follows.
where jb p j is the size of Burgers vector of the partial dislocations and y is the separation distance between the A 0 and the B n . Thus, the total elastic repulsive force acting on the A 0 from all the partial dislocations indicated by B n , f R , which can be calculated using the eq. (A·1), is given by
where D n represents the separation distances between the A 0 and the partial dislocations of B n .
That is, if n > 0,
ðA : 4Þ
where d is the periodicity of boundary dislocations, d 1 is the separation distance between neither partial dislocations forming a stacking fault in between and ¼ d 1 =d. Therefore, the eq. (A·2) can be transformed to
This is the way to obtain the eq. (1) in the main text. In the cases of the boundaries shown in Fig. 3B-3F , the total elastic repulsive forces can be given by the similar way. In order to evaluate the actual force on the particular partial dislocation described as A 0 , the contribution from all the other partial dislocations on the boundary must be taken into account. As shown in Fig. 4, d 1 is the width of Stacking fault (SF) between two partials while d 2 ¼ d À d 1 is that of coherent region. Since the periodicity of the boundary is given by d, the distance between similar partials indicated by A n or B n was determined by this periodicity, i.e., nd, where n is an integer. The repulsive force on A 0 for symmetrically located A n is completely cancelled, and one only needs to consider the effects due to dissimilar partials of B n . Each repulsive force to A 0 by B n , F A0Bn decreases with increasing distance between A 0 and B n , which is represented by D n .
